Apoptosis and cell proliferation are two important cellular processes known to be involved in the normal functioning of the testis in nonseasonally breeding mammals, but there is some controversy concerning their roles in the gonads of males from seasonally breeding species. We have studied the processes of apoptosis and cell proliferation in the testes of males of the Iberian mole (Talpa occidentalis), a species showing a strict seasonal reproduction pattern. Both males and females are sexually active during the winter and completely inactive in the summer, with two transitional periods, in the autumn and the spring. Adult males from these four reproductive stages were captured, and their testes were immunohistochemically studied for the presence of apoptotic and proliferation molecular markers as well for other testicular and meiotic cell-specific markers. We found that apoptosis varies in a season-dependent manner in the testes of male moles, affecting mainly late zygotene and pachytene cells during the period of sexual inactivity, but it does not differentially affect the number of Sertoli cells. More interestingly, apoptosis is not responsible for the massive germ-cell depletion occurring during mole testis regression. In addition, a wave of spermatogonial cell proliferation appears to restore the number of spermatogonia lost during the period of testis inactivity. According to current knowledge, data from moles indicate that mammals do not form a homogeneous group regarding the mechanisms by which the cell-content dynamics are regulated in the testes of males from seasonally breeding species.
INTRODUCTION
Spermatogenesis, the process by which male spermatogonia develop into mature spermatozoa, is a complex biological process involving mitosis, meiosis, and cell differentiation. Testicular activity is controlled both genetically and hormonally, but environmental conditions may also have an influence. Spermatogenesis is thus a valuable indicator of ecological and anthropogenic factors affecting animal reproduction.
Because of its dynamic nature, spermatogenic activity requires proliferative and degenerative processes to be appropriately balanced. Adult testes conserve a relatively high rate of cell proliferation, which involves mainly A-type spermatogonia. On the other hand, once gonadal development is completed, the somatic cells of the testis rarely divide by mitosis. In the rat, Sertoli cell mitosis ceases at Days 15-17 of postnatal age [1, 2] .
Apoptosis is an active, genetically controlled, signalinduced process leading to selective cell death [3] . Both spermatogonial cell proliferation and spontaneous degeneration of spermatocytes frequently concur during normal testis function in mammals [4, 5] . Here, apoptosis plays an important role to control the number of testicular cells, according to a hormonally controlled process [6] [7] [8] that precisely regulates the homeostasis between Sertoli and germ cells. Spermatogonia are the most frequent apoptotic cells in the testis, but this process may also affect other cell types, such as spermatocytes and spermatids [9] . In the rat testis, apoptosis of A2-, A3-, and A4-type spermatogonia occurs regularly [10] , while primary and secondary spermatocytes as well as spermatids undergo apoptosis less frequently [5, 10, 11] . Contrarily, A1-, intermediate-, and B-type spermatogonia, rarely degenerate [12] . Germ-cell apoptosis seems to be key in preserving the genomic integrity of male gametes, eliminating irreparably damaged cells [13] .
Seasonal breeders show a particular case of spermatogenesis regulation, as males are subject to circannual cycles of testis activation and involution. This phenomenon represents the natural demonstration that gametogenesis activity may be reversibly blocked in mammalian testes, a fact that increases the interest of studying the mechanisms controlling it, as a basis for the development of new male contraceptive strategies. In seasonal breeding males, testis inactivity coincides with low concentrations of plasma gonadotropins and reduced testicular testosterone production. Totally or partially reduced spermatogonial proliferation during the postbreeding period results in low germ-cell numbers and testis volume. The dramatic reduction by 80%-90% of the testis mass during the nonbreeding season strongly suggests that apoptosis may play a major part in the process. Apoptosis is also induced in response to meiotic arrest in nonseasonally reproducing species [14] . Some studies have demonstrated that apoptosis contributes to testicular regression in hamsters [15, 16] , white-footed mice [17] , and the European brown hare [18] . However, contradictory results have been reported on the role of apoptosis in the testicular regression of another seasonal breeder, the roe deer (Caprolus capreolus). Whereas some authors have indicated the existence of an inverse relationship between proliferation and apoptosis in this species, suggesting that apoptosis promotes testis involution [19] , more recent studies have shown that apoptosis is not the cause of seasonal involution of the roe deer testes [20] .
Because of these contradictory findings, we have checked the role of these two cell processes in another seasonally breeding mammal, the Iberian mole (Talpa occidentalis, Cabrera 1907). Our laboratory has gained long experience in the study of the reproductive biology of this species, in which we have described a unique case of generalized true hermaphroditism. Females of this and other mole species have two bilateral ovotestes, organs composed of both ovarian and testicular tissue, instead of normal ovaries [21] [22] [23] [24] [25] [26] . In the southern Iberian Peninsula, moles reproduce during the winter, when males show enlarged testes and females have a large uterus and intensified ovarian activity. In summer, male testes shrink to one-fourth of their winter mass, and oogenesis is halted in females, reflecting high serum testosterone levels and enlargement of the testicular portion of their ovotestes [27] .
Based on our knowledge concerning the reproductive biology of T. occidentalis and the specific methods we have developed for managing these wild moles, we consider this species to be an excellent animal model to study the genetic and hormonal control of seasonal gonad variations. Here, we report on the role that both cell proliferation and apoptosis play in the testes of male moles throughout their seasonal breeding cycle.
MATERIALS AND METHODS
Males of the insectivorous mole species T. occidentalis were captured alive in Santa Fe and in Chauchina (Granada province, southern Spain) as described previously [23] . Captures were permitted by the Andalusian Environmental Council, and animal handling followed the guidelines and approval of the Ethical Committee for Animal Experimentation of the University of Granada. The age of each animal was estimated using an index based on dental wear as described by Jiménez et al. [28] . Only adult males were included in this study. Animals were dissected, and the testes were removed under sterile conditions. The gonads were weighed, and one of them was frozen in liquid nitrogen for mRNA purification and further geneexpression studies, whereas the other one, together with the annexed epididymis, was fixed in 50 volumes of 4% paraformaldehyde overnight at 48C and then embedded in paraffin. Captures were made in December, April, July, and early September of three consecutive years (2006) (2007) (2008) , thus including males in all four stages of the breeding cycle of T. occidentalis (Table 1) . For specific protein location, standard immunohistochemical staining was performed on 7-lm-thick testis sections, using the primary antibodies summarized in Table 2 . Apoptotic cells were detected using the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) technology, using an in situ cell-death detection kit (Roche; https:// www.roche-applied-science.com/cfm/proddata. jsp?article_hier¼3.5.3.21.2.4). As indicated in the manual of this kit, the TUNEL technique detects not only apoptotic but also some necrotic cells, so that a proportion of the positive cells counted in this study could be necrotic instead of apoptotic. Proliferating cells were identified by immunohistochemical detection of phosphorylated histone 3 (Phospho-HIST3H3). The incidence of apoptosis and cell proliferation was estimated by calculating the mean number of apoptotic or proliferating cells per mm 3 of seminiferous tubule, according to the formula X ¼ C ST /(A ST ÁT), where C ST is the number of cells counted per seminiferous tubule section, A ST is the area of the seminiferous tubule section (expressed in mm 2 ), and T is the section thickness (expressed in mm). On the other hand, the abundance of Sertoli cells or spermatocytes was estimated by calculating the number of cells per entire testis, according to the formula X ¼ (C ST ÁV V ÁV T )/( A ST ÁT), where C ST is the number of cells counted per seminiferous tubule section, V V is the volume density of the seminiferous tubules in the testis (the ratio seminiferous tubules volume/testis volume), V T is the testis volume (expressed in mm 3 ), A ST is the area of the seminiferous tubule (expressed in mm 2 ), and T is the section thickness (expressed in mm). V V values for active and inactive testes were obtained using the ImageJ application, according to the ''IJ for microscopy'' manual (http://rsbweb.nih.gov/ij). As the specific gravity of the mole testis is very near to the unity, V T was in fact the mass of the testis expressed in mm 3 . Statistical analyses were made using the Graphpad application (GraphPad Software Inc.).
RESULTS

Seasonal Changes in Mole Testes
In T. occidentalis, as well as in other species with seasonal reproduction, changes in testis size were due mainly to variation in the diameter of the seminiferous tubules ( Fig. 1 , a-d). This was ultimately a consequence of the fact that seminiferous tubules are full of germ cells in different stages of spermatogenesis in the active testes ( Fig. 1a ) but almost empty in the inactive ones (Fig. 1c) . Thus, a rapid and massive depletion of germ cells took place during the transition stage of testis inactivation (Fig. 1b) , which involved mainly cells located at the adluminal compartment of the seminiferous tubules and represented 73.7% of the active testis weight. As a consequence of this process, testes became completely azoospermic. During the activation stage ( Fig. 1d ), spermatogenesis was restored.
Apoptosis Varies in a Season-Dependent Manner in the Mole Testis
Considering that most germ cells are lost during mole-testis inactivation, it was informative to investigate the possible role that apoptosis could play in this process. Figure 1 , e-h, shows apoptotic cells (and probably also some necrotic cells) in the testes of male moles throughout the seasonal breeding cycle of T. occidentalis using the TUNEL technique. To quantify the influence of apoptosis in the process of testis involution, we counted the total number of apoptotic cells present per mm 3 of section area in testes belonging to the four representative stages of this cycle (Fig. 2) . No significant differences were observed between active and inactivating stages, but differences were highly significant between inactive testes, which showed the highest frequency of apoptotic cells. Activating testes conserved apoptosis levels significantly higher than those present in active ones, which showed the lowest density of apoptotic cells in the seasonal cycle. 
Apoptosis Affects Mainly Zygotene/Pachytene Spermatocytes in Mole Testes
Apoptotic cells were found to be more frequent in peripheral regions of the seminiferous tubules of mole testes in all four stages of the reproductive cycle of T. occidentalis (Fig. 1, e-h) , which is the normal location of Sertoli cells, spermatogonia, and early primary spermatocytes. Apoptotic cells located in inner regions were much less abundant. Immunostaining for SOX9, a well-known molecular marker for Sertoli cells in the testis, was used to investigate whether the number of Sertoli cells varies over the seasonal breeding cycle of the mole. As shown in Figure 1 , i-l, Sertoli cells are invariably located at the periphery of the seminiferous tubules, where their density is evidently higher in the inactive than in the active testes. However, since the volume of the seminiferous tubule is much higher in the active testis, the total number of Sertoli cells could be similar in active and inactive testes. Therefore, we counted this number of Sertoli cells per entire testis and found that there were no significant differences between them (Fig. 3) , indicating either that apoptosis rarely affects Sertoli cells in mole testes or that its effect is constant, showing no seasonal variations.
To study the incidence of apoptosis on germ cells, we analyzed the location of DMC1 (DMC1 dosage suppressor of mck1 homolog, meiosis-specific homologous recombination [yeast]), a specific genetic marker for early meiotic germ cells (leptotene and early zygotene; Fig. 1 , m-p), and SYCP3 (synaptonemal complex protein 3) as a marker for later meiotic prophase stages (late zygotene and pachytene; Fig. 1, q-t) . We counted the number of DMC1-and SYCP3-positive cells per testis and compared the values between active and inactive testis samples. We found a highly significant decrease in the density of leptotene cells in inactive testes with respect to active ones (Fig. 4a) as well as in the case of zygotenepachytene spermatocytes (Fig. 4b) . Consistently, an electron microscope study showed that pachytene spermatocytes are frequently seen undergoing apoptosis in the inactive testis (Fig.  5a ), whereas apoptotic spermatocytes are much less frequent in active and inactivating testes (Fig. 5b) .
Cell-Proliferation Rates Also Vary Seasonally in the Mole Testis
We performed immunohistochemical staining with an antibody specific for phospho-HIST3H3, a protein present in all proliferating cells, to study the role of cell proliferation during the seasonal breeding cycle of T. occidentalis (Fig. 1, ux) . According to the location of the Phospho-HIST3H3-positive cells examined in our preparations, it is likely that not all of them were mitotic spermatogonia. Many positive cells occupied inner, nonbasal positions, suggesting that they were in fact meiotic cells (Fig. 1, u-x) . This is consistent with recent reports showing that phosphorylation of HISTONE H3 is also coupled to chromatin condensation in meiosis [29, 30] . Hence, as we wished mainly to quantify the density of proliferating spermatogonia, we made a count in which only positive cells located in basal positions were considered. In this case, we calculated the number of Phospho-HIST3H3-positive cells per mm 3 of testicular tissue (Fig. 6b) . The lowest density of mitotic spermatogonia was found in the active testes. This density augmented gradually through inactivating and inactive stages and registered a statistically significant increase during the activation stage. Consequently, there was a very significant decline in mitotic activity once the spermatogenesis was completely restored (active stage). 
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DISCUSSION
Methods for Quantifying the Incidence of Apoptosis in the Testis
The role of apoptosis in testis function has been studied in several mammals, and several quantification methods have been used to study its incidence. Blottner et al. [31] used ELISA for evaluating apoptosis. Furuta et al. [15] and Strbenc et al. [18] quantified the number of apoptotic cells per unit of testis area or volume. Morales et al. [16] calculated the percentage of apoptotic cells for different cell types. Blottner et al. [20] quantified the number of apoptotic cells per tubule cross section and found that this number was significantly higher in the active than in the inactive testis of the roe deer.
However, since this difference may correspond to the different number of germ cells in the two samples, they also calculated the percentage of apoptotic cells with respect to the total number of cells inside the same seminiferous tubules, showing a lack of interstage differences in this case. In our opinion, the quantification of the incidence of a particular physiological process (e.g., apoptosis or cell proliferation) should be based on criteria that reflect whether the probability of a given cell to undergo that process changes throughout the seasonal cycle. Thus, in these cases, the data should be reported as numericaldensity values, normalized either with respect to the volume of the seminiferous tubules (as in this study) or with respect to the total number of cells counted per seminiferous tubule (as reported by Blottner et al. [20] ). Since the volume of the seminiferous tubule sections is very well correlated with the number of cells contained in these tubules, either of the two methods would provide similar results. 
Apoptosis Is Not Responsible for the Massive Germ-Cell Depletion Occurring During Mole Testis Regression
Apoptosis is a hormonally controlled process, known to operate during normal testicular function, regulating the testicular cell population [6] [7] [8] . Its role has previously been investigated in mammalian species with both seasonal and nonseasonal reproduction. Several authors have reported that spermatogonia and primary spermatocytes are the main cell types that undergo apoptosis, although apoptotic secondary spermatocytes and spermatids have also been reported [6, 12] . Our studies of the seasonal breeding cycle in the Iberian mole showed that apoptotic cells are located mainly in the peripheral region (mostly basal) of the seminiferous tubules, a fact that is consistent with the identification of these cells as either Sertoli cells, spermatogonia, or primary spermatocytes. The lack of apoptotic cells located in more inner positions of the tubules also indicates that both secondary spermatocytes and spermatids undergo apoptosis very rarely (or maybe never) in the mole.
Since we have shown that the number of Sertoli cells per testis does not vary significantly (Fig. 3) over the breeding cycle of male moles, our data clearly indicate that Sertoli cells are either not affected by apoptosis or affected to a similar magnitude at the different stages of this cycle. This fact contrasts with our finding that the number of Sertoli cells per seminiferous tubule cross section is not statistically higher in inactive testes (not shown), as we would expect an increased number if the same cells are enclosed in a smaller volume due to testis shrinkage. The lack of length reduction of the seminiferous tubules in the testes of inactive moles, a possibility that has to be confirmed in this species, or the considerable shrinkage that Sertoli cells undergo in inactive testes (our unpublished data) may explain this apparent discrepancy, which deserves further study.
If Sertoli cells are not differentially affected by apoptosis, then only spermatogonia and primary spermatocytes seem to undergo apoptosis. To assess this hypothesis, we used precise methods based on the detection of specific genetic markers (DMC1 for early primary spermatocytes and SYCP3 for later primary spermatocytes). In previous similar studies [2, [32] [33] [34] [35] [36] , only morphological criteria were used. The study we performed on the relative abundance of the different germ-cell types present in this tubular region indicates that the influence of apoptosis is much stronger on later primary spermatocytes (73.7% reduction; Fig. 4a ) than on the very early primary spermatocytes (53.9% reduction; Fig. 4b) . The electronmicroscopy data (Fig. 5 ) also support this hypothesis. Taken together, our findings indicate that apoptosis is responsible for the depletion of just a small proportion of the germ cells, probably all those that enter meiosis during the season of 88 testicular inactivity of male moles, affecting mainly zygotenepachytene spermatocytes.
Our results also indicate clearly that apoptosis is not responsible for massive germ-cell depletion that takes place in the mole testis during the inactivating stage, given that no TUNEL-positive cells were detected in the inner regions of the seminiferous tubules at any of the reproductive stages. In addition, the number of apoptotic cells observed during the process of active testis regression (inactivating stage) does not explain the major loss of testicular cells taking place in this period. Hence, further explanation was needed for the loss of all the cells located at the adluminal compartment of the seminiferous tubule, which represents 73.7% of the active testis mass. The possible involvement of the cell junction dynamics in this process is currently being investigated in our laboratory and will be published elsewhere.
Meiosis Onset Is Not Interrupted During Mole-Testis Inactivity
The continuous presence of DMC1-and SYCP3-positive early spermatocytes throughout the seasonal breeding cycle of T. occidentalis clearly shows that meiosis onset is not interrupted during the period of testis inactivity in male moles. Contrarily, conventional histological data, as well as immunohistochemical detection of CREM, a molecular marker for round spermatids (our unpublished data), show that late spermatogenic as well as spermiogenic cells disappear during the inactivation process (cells located at the adluminal compartment of the seminiferous tubule, as indicated previously) and remain completely absent during the entire stage of testis inactivity.
To our knowledge, the roe deer (Capreolus capreolus) [31, 35] and the red fox (Vulpes vulpes) [37] are the only seasonal breeding mammals currently known to undergo a complete cessation of meiosis onset during their nonbreeding season. In contrast, there are many species in which the spermatogenic arrest occurs later, at the level of primary spermatocytes, including hamsters (Phodopus sungorus and Mesocricetus auratus) [15, 38] , squirrels (Citellus duricus) [39] , armadillos (Zaedyus pichiy) [40] , raccoons (Procyon lotor) [41] , monkeys (Macaca mulatta and M. radiata) [42] , mice (Apodemus speciosus) [43] , horses (Equus caballus) [44] , and moles (Talpa europaea and T. occidentalis) [45, this study] .
Currently, there is no clear explanation for this situation. The lack of a close taxonomical association between the two species of the first group (roe deer and red fox belong to different mammalian orders, Arctiodactyla and Carnivora, respectively) precludes a phylogenetic origin for their common trait, at least at the order level. Furthermore, the fact that these two species have a very wide geographical distribution in the northern hemisphere also rules out a latitude-related origin for complete cessation of meiosis onset in these species. In many seasonally breeding mammals, latitude influences the length of the breeding season, being longer in the south than in the north, as reported for Talpid moles [27] . These data suggest that latitude (through photoperiod) determines the timing of testis inactivation and activation but not the type of process by which spermatogenesis is arrested. In this context, current knowledge on the genetic control of meiosis [46, 47] suggests that roe deer and red foxes probably have a seasonal pattern in the expression of genes such as STRA8 and CYP26B1 and perhaps also in the levels of intragonadal retinoic acid. In the other seasonally breeding species, the functioning of this genetic and biochemical complex controlling meiosis onset is not expected to be significantly different from that in nonseasonal breeders. Further comparative studies carried out with roe deer and moles, for instance, would probably shed light on this subject.
A Wave of Cell Proliferation Probably Restores the Number of Spermatogonia Lost During the Inactivity Period
It is well known that spermatogonia proliferate by mitosis to maintain the pool of germ cells in the testis. This is necessary because spermatogonia are lost either by apoptosis or by entry into meiosis. In mammals with nonseasonal reproduction, the rates of spermatogonia loss and renewal must be balanced so that their numbers can be maintained constant [48] . However, seasonally breeding mammals need spermatogonia during the breeding season only, so that it is useful to know whether their number is also maintained at a constant level throughout the year. The role of cell proliferation has also been studied in other seasonally breeding mammals. In both the brown hare [18] and the roe deer [19] , a peak of cell proliferation was detected in the months prior to the breeding season, thus coinciding with our results in the mole. Similarly, in the Syrian hamster, short-day photoperiod animals showed higher rates of cell proliferation than did long-day photoperiod ones [16] . In the mole, we noted that proliferation augmented gradually from active to inactive stages, but proliferation peaked during the activation stage. This suggests that the number of spermatogonia is most probably maximum at the beginning of the active stage, which is consistent with low levels of spermatogonial proliferation during this stage and the subsequent stages. The facts that spermatogonia continue entering meiosis throughout the year (the resulting spermatocytes undergoing apoptosis subsequently) and that cell proliferation rates are low during most of the cycle probably contribute to decrease the number of spermatogonia considerably, thus making it necessary to restore that number before the next breeding season starts, that is, during the activating stage, when proliferation is maximum.
It bears noting that the apoptosis/proliferation (a/p) ratio in the seminiferous tubules of male moles is maintained markedly constant at a basal level throughout the seasonal cycle, except during the inactive stage, where it increases in a fivefold magnitude (Table 3 ). This fact clearly indicates that both processes are strictly controlled in mole testes. Furthermore, it is worth pointing out that the marked decrease in testis weight observed in the transition between active and inactivating (Fig. 2) by the number of proliferating cells per mm 3 of testis (Fig. 6 ).
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89 stages (63.27%) may not be attributable to apoptosis, as the a:p ratio is maintained constant in this period (0.52 for active and 0.53 for inactive testes). By contrast, the significant increase of the a:p ratio occurring during the inactive stage results only in an additional 10.55% of testis weight loss. These data clearly show that apoptosis probably has an important role during the inactive stage, when the testes are already quiescent, but not during the inactivation process, when most of the testis cell mass is eliminated. In summary, we have studied here the role of both apoptosis and cell proliferation in the seasonal variations of the cell contents of the testes in male moles, a species with strict seasonal reproduction. We show that apoptosis probably eliminates zygotene and pachytene cells in inactive testes but does not contribute to the massive germ-cell loss occurring during the process of testis inactivation. Spermatogonial cell loss is probably restored by cell proliferation just before the initiation of the next breeding season. The heterogeneity observed in different mammals regarding the incidence in the testis of apoptosis and cell proliferation suggests that perhaps several times nature has faced the need to regulate the cellcontent dynamics in testes of seasonally reproducing males and that the selected mechanisms were not exactly the same in all cases.
